Abstract. An 27 Al magic angle spinning (MAS) nuclear magnetic resonance (NMR) study of nominally pure and Cr-doped yttrium-aluminum garnet (Y 3 Al 5 O 12 and Y 3 Al 5 O 12 :Cr) crystals is reported. It has been shown that the doping by Cr of the Y 3 Al 5 O 12 crystals leads to the variation of the occupation by Al atoms both octahedrally and tetrahedrally coordinated sites of the garnet lattice.
Introduction
The solid solutions based on the yttrium-aluminum garnet (YAG, chemical formula -Y 3 Al 5 O 12 ), due to its unique optical, mechanical, and thermal properties, are widely used in modern technique as the most common materials for solid-state lasers and acousto-optical devices [1] [2] [3] . A YAG single crystal allows various isomorphic substitutions and extensive class of solid solutions whose properties substantially depend on the chemical composition and structural disordering or ordering in the distribution of atoms in the crystal lattice, caused by features of their synthesis and thermal treatment. In particular, the optical and luminescence properties of the Cr-doped Y 3 [4] [5] [6] [7] . The single-crystalline solid solutions based on the YAG were intensively investigated during the last several decades by different methods, including optical spectroscopy as well as acoustic and heat pulse techniques [1] [2] [3] . One of the most informative methods for the study of the local structure of atoms in solid-state materials with a high sensitivity is a nuclear magnetic resonance (NMR). The YAG crystals were also investigated by the NMR technique [8] [9] [10] [11] [12] [13] . Previous solid-state 27 Al NMR investigations of the YAG confi rm that in the Y 3 Al 5 O 12 crystals there are two different Al sites (octahedral and tetrahedral), whose difference in the 27 Al chemical-shift values enables the separation of the two contributions, which differ in the quadrupolar coupling constant C Q = e 2 qQ/h [8] [9] [10] [11] [12] [13] . According to NMR spectroscopy data, the Al 3+ ions in the Y 3 Al 5 O 12 crystal lattice occupy oxygen-coordinated tetrahedral (coordination number -4) and octahedral (coordination number -6) sites in the ratio: three tetrahedral sites, N(Al IV ), to two octahedral sites, N(Al VI ), that is, (N(Al IV ):N(Al VI ) = 3:2).
The aim of this work was to study the effect of Cr 3+ impurity on the occupation by the Al 3+ ions of the tetrahedral and octahedral sites in the structure of the YAG crystal. The present paper reports a 27 Al magic angle spinning (MAS) NMR investigations of the nominally pure and Cr-doped YAG crystals. The preliminary results of these investigations have been published in [14] .
Experimental
The nominally pure undoped (Y 3 [6] . The Cr impurity was added to the melt composition of as Cr 2 O 3 oxide in amounts 1-5 at.%.
A 4-mm-diameter rotor was fi lled with a powdered (polycrystalline) sample obtained from single YAG crystals. The 27 Al MAS NMR spectra were registered at a frequency 104.26652 MHz, induction of static magnetic fi eld B = 9.4 T using a Bruker Avance-400 NMR spectrometer, and spinning under magic angle with the frequency 14 kHz. The 27 Al nucleus (natural abundance -100%) has spin I = 5/2, and for the selective excitation of the central transition (+½  ½), the optimal pulse duration will be equal to the duration of a nonselective /2 pulse divided by (I + ½) = 3 [15] . A free induction decay signals were recorded after the application of a single radiofrequency pulse. The recycle delay was 5 s. A total of 100 acquisitions were suffi cient to resolve the characteristic Al spectral features for the polycrystalline samples.
It should be noted that large differences in the quadrupolar coupling constants between tetragonal, AlO 4 groups (C Q = e 2 qQ/h typically about 6 MHz), and octahedral, AlO 6 groups (typically C Q < 0.6 MHz), lead to large differences in the linewidth and lineshape of the MAS NMR signals [10, 16, 17] . Due to large second-order quadrupolar broadening, the 27 Al to a greater extent, the NMR lineshapes are very broad and require special acquisition conditions to obtain understandable spectra. When the quadrupolar coupling constant C Q > 10 MHz, it becomes impossible to acquire the whole spectrum at once in the acquisition linewidth [15] . The analysis of the quantitative accuracy in quadrupolar MAS NMR spectroscopy has been performed in [10] . The fractions of octahedrally and tetrahedrally coordinated Al sites, N (Al VI ) and N(Al IV ), were determined using the method proposed by P. J. Bray [18] .
From our analysis, we realize that the lineshape of 27 Al NMR MAS spectra depends on the pulse duration, and only from 27 Al NMR MAS spectrum obtained with pulse duration 0.7 s, it follows the relation 2:3 for the population of octahedrally and tetrahedrally coordinated Al sites (N(Al VI ) and N(Al IV )) for the undoped YAG crystals [14] . So, the 27 Al NMR MAS spectra of YAG with a touch of Cr 3+ ions were obtained by single-pulse experiments with a pulse duration of 0.7 s. It should be noted that the pulse duration of 0.7 s is close to duration /6.
The Dmfi t program [19, 20] was used to simulate the 27 Al MAS NMR spectra and to extract the isotropic chemical shifts ( iso ), quadrupolar coupling constants (C Q ), and the asymmetry parameters (). are observed in YAG, contain two peaks corresponding to the tetragonal (AlO 4 ) and octahedral (AlO 6 ) structural atomic groups [10] .
Results and discussion
In contrast to nuclei with spin ½, the quadrupolar nucleus 27 Al with spin 5/2 has several NMR transitions, which depend not only on magnetic interactions but also on the interaction between nuclear electric quadrupole moment Q and the electric fi eld gradient created by the surroundings [15] . The effect of the quadrupolar interaction is always assumed to be small with respect to the Zeeman interaction and is therefore deduced from a perturbation calculation. To fi rst order, the quadrupole interaction has no effect on the central transition (±½ + -½). Only the satellite transitions (±½  ±3/2; ±3/2  ±5/2) are affected, and for these the fi rst-order, quadrupolar effect is of the order of  Q = 3C Q /2I(2I -1) [15] . The central (±½ + -½) transition is affected by quadrupolar interaction to second order, and the second-order quadrupolar term is typically from 10 2 to 10 3 smaller than the  Q . As a consequence, the central transition yields a narrower and more intense line in the NMR spectrum. As the MAS NMR experiment has no 'magical' properties on the second order quadrupolar interaction, MAS will not average this interaction, and usually, it is observed only as a powder pattern for this central transition [15] .
In MAS NMR spectroscopy, the second-order quadrupolar shift of the central transition (±½    + -½) for nucleus with spin I = 5/2 is given according to [15] by the following relation: (1) where  L is the Larmor frequency of the 27 Al nuclei;
where |V XX |  |V YY | |V ZZ ||eq| are the eigenvalues of the traceless tensor of the electric fi eld gradient (EFG);
where  = (V XX -V YY )/V ZZ is the asymmetry parameter of the EFG tensor,  and  are the Euler angles, which defi ne the principal axis system of the EFG tensor. The NMR signal for a single nucleus can be formally represented, neglecting any residual linewidth, by a Dirac delta function:
For a randomly oriented powder of a disorder sample, due to the residual linewidth and to the large number of the randomly distributed environments, the formal expression of the full NMR spectrum can be written as follows: (5) where p( Q ,) is the weighted average function, which describes the distribution of the quadrupolar parameters  Q and .
From formula (5), it follows that the spectrum results from two successive integrations. The fi rst integration, over all possible orientations of the EFG, is the well-known powder spectrum averaged for given values of the quadrupolar parameters  Q and . The second integration is the weighted average of the powder lineshapes over all possible quadrupolar parameters  Q and . The distribution of quadrupolar parameters is described by the function p( Q ,) and various approaches to choice of this function have been discussed in [19, 20] . In this work, we used the Dmfi t model of MAS NMR spectrum and the Lorentzian or Gaussian curves with the broadening parameters  L or  G , which indicate a distribution of slightly distinct environment of nuclei [19] .
The isotropic chemical shifts ( iso ), quadrupolar coupling constants (C Q ) of the 27 Al nuclei in the AlO 4 and AlO 6 groups obtained by Dmfi t program [19] are represented in Table 1 .
The YAG (Y 3 Al 5 O 12 ) crystal has a body-centered cubic structure, space group Ia3d (O h 10 ) [21, 22] . One unit cell of the garnet contains 40 aluminum ions, of which 16 are octahedrally (a site) and 24 are tetrahedrally coordinated (d site) by oxygen ions. The oxygen-coordinated octahedral and tetrahedral sites are distorted so that the crystal fi eld at the aluminum ions is axially symmetric with the axes directed along the cubic axes a, b, c (d sites) and along the cube body diagonals (a sites). There are two structurally nonequivalent positions of aluminum atoms in the YAG crystal structure: the Al occupies 16 octahedral positions and 24 tetrahedral positions and this is in a good agreement with NMR data, that is, N(Al VI ):N(Al IV )  2:3 [10] . In the YAG crystal, the point symmetry of tetrahedral (AlO 4 ) structural groups are S 4 [21] . The presence of an electric quadrupole moment means that the 27 Al nucleus will interact strongly with the local electric fi eld surrounding of the nucleus. This interaction has a signifi cant effect on the observed NMR spectrum. The strength of local electric fi eld gradient is described by a second rank tensor with Table 1 . Quadrupolar coupling constants (C Q ), isotropic chemical shifts ( iso ), and the broadening parameters ( L ) of the Lorentzian function, p( Q ,), for Al VI and Al IV in the undoped and Cr-doped YAG crystals  = 0
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principal axis elements V ii (i = X, Y, Z) [15] . The symmetry of the EFG manifests predictable and large effects in the spectral line shape of the 27 Al species in the solid state and is quantifi ed by the asymmetry parameter ( = (V XX -V YY )/V ZZ )). In the case of the axially symmetric EFG tensor around the quadrupolar (V XX = V YY ) and  = 0 [15] . The 27 Al MAS NMR spectra of the tetrahedral aluminum site in the nominally pure undoped YAG (Y 3 Figs. 1 and 2 , revealing the characteristic two-peak MAS quadrupolar powder pattern for an axially symmetric EFG tensor [15] . This single site is adequately fi t with  equals to 0, a quadrupolar coupling parameter, C Q , set to 6.1 MHz ( Table 1 ). The value of a quadrupolar coupling parameter gives the important information about the different types of the aluminum coordination in a crystal lattice. The four-coordinated aluminum possesses a quadrupolar coupling constant, C Q , that equals about 6 MHz [15] .
In the YAG lattice, the point symmetry of octahedral (AlO 6 ) groups is C 3i , and so, the environment of Al atom has a very symmetric but slightly distorted octahedron [21, 22] . Due to the axial symmetry of the slightly distorted octahedral aluminum position, the EFG tensor is characterized by only one (V ZZ ) component and C Q = 0.6 MHz ( Table 1 ). The asymmetry parameter is  = 0 for AlO 6 groups in the garnet lattice. This result is confi rmed experimentally (Table 1) . So a symmetric peak at about 5.38 ppm in the 27 Al MAS NMR spectrum is attributed to the AlO 6 groups, and an asymmetric broad peak at about 82 ppm is assigned to the AlO 4 groups. The different frequency positions of the MAS NMR signals of the aluminum-oxygen bonding groups are connected with different 27 Al isotropic chemical shifts of the AlO 4 and AlO 6 groups [10] . The line at 50-70 ppm is a line of group AlO 4 for powder sample. The reason for observable asymmetry of the experimental lines at 50-70 ppm in pure and the Cr-doped samples, in our opinion, is connected with variations of quadrupole coupling constants (C Q ) and the broadening parameters ( L ) of the Lorentzian function, p( Q ,).
From Fig. 2 , we can see that the YAG is activated with Cr 3+ ions, the quadrupolar coupling constant coincides within the limits of an experimental error with C Q in the nominally pure Y 3 Al 5 O 12 . However, the lines of 27 Al MAS NMR spectrum in Y 3 Al 5 O 12 :Cr are broadened in comparison with NMR lines in the nominally pure YAG. These broadening of NMR lineshapes of the 27 Al nuclei can be related with the change of local EFG at the sites of Al nuclei that results in the interaction of the Cr 3+ paramagnetic ions with magnetic moment of the 27 Al nuclei [17] . The calculations of the electronic structure and the electric fi eld gradient tensor in YAG [16] have shown that the EFG tensor at the Al atom sites is well described by taking into account the nearest-neighbors only. Therefore, the paramagnetic shift from the Cr 3+ paramagnetic ions gives the main contribution to the broadening of 27 Al NMR lineshapes at the octahedral and tetrahedral aluminum sites in Y 3 paramagnetic ions, the Larmor frequencies of 27 Al nuclei undergo a paramagnetic shift, which depends on the number of paramagnetic Cr 3+ ions in the nearest-neighbor environment of aluminum ions. The paramagnetic shift according to [17] can be determined from the relation: (6) where  is the gyromagnetic ratio of 27 Al nucleus, < i > is the average magnetic moment of Cr 3+ ions surrounding 27 Al nucleus, R i is the distance between a 27 Al nucleus, and the i-th Cr 3+ ion,  i is the angle between vectors R i and external magnetic fi eld B 0 .
At room temperature, the average dipole moment of Cr 3+ can be calculated using relation:
where g is the Lande factor,  B is the Bohr magneton, J is the total angular momentum of the Cr 3+ ion. In the Y 3 [17] . In particular, it was shown that in the Y 3-x Dy x Al 5 O 12 there is no substitutional ordering [12] .
The areas under the curves of the 27 Al NMR lines at the octahedral and tetrahedral aluminum sites are proportional up to the quantity of the 27 Al nuclei in these groups. The simulation of the experimental 27 Al MAS NMR spectrum of the Y 3 Al 5 O 12 :Cr (Fig. 2b) gives the fractions of the AlO 6 and AlO 
Conclusions
The 27 Al MAS NMR spectroscopy of the undoped YAG crystals clearly shows the relation 2:3 for occupation of the octahedrally and tetrahedrally coordinated Al sites, respectively. This result coincides with corresponding structural reference data for YAG crystals. The 27 Al MAS NMR spectroscopy also shows that the doping of YAG crystals by Cr leads to and tetrahedral (AlO 4 ) positions. Finally, it should be noted that the MAS NMR spectroscopy is a very sensitive and powerful method for investigating the local structure of main structural units in ordered and disordered solids and the redistribution of atoms between different sites caused by doping impurities.
